The method introduced by Knox for evaluation of space-time clustering has been applied to 872 cases of childhood (0-14 year old) leukaemia diagnosed in Greece over the 10 year period 1980-89. Greek towns are characterised by substantial population mixing due to internal migration, whereas there is relative isolation in mountainous rural areas. Predetermined space (5 km) and time (1 year) limits were used on the basis of previous reports in order to define the clustering cell. There is highly significant evidence for clustering of childhood leukaemia in Greece as a whole, the observed number of pairs that are close in both space and time exceeding the expected number by 5.2% (P= 0.004). The excess is particularly evident for leukaemia cases in 0 to 4-year-old children, among whom the observed number of pairs that are close in both space and time exceeded the expected number by 9.4% (P= 0.004). There is no evidence of space-time clustering for leukaemia cases older than 5 years. The overall pattern is descriptively similar in urban and semiurban areas and is especially marked for acute lymphoblastic leukaemia at the childhood peak ages (2-4 years) with an excess of 19% (P=0.0006). In the rural population there is evidence for clustering of cases belonging to older and broader age groups, a phenomenon compatible with a delay in the development of herd immunity against putative infectious aetiological agents. The findings of the present study provide support for the hypothesis that a substantial proportion of cases of childhood leukaemia may arise as a rare sequel to exposure to an agent or agents, most probably viral in nature.
The aetiology of childhood leukaemia is likely to be multifactorial. Established causal factors include ionising radiation, chemotherapeutic agents and certain inherited conditions (Doll, 1989) . However, collectively the established aetiological factors can explain a very small fraction of cases of childhood leukaemia (Groves et al., 1995) . Chemical exposures and extremely low-frequency magnetic fields have been proposed as aetiological factors, but the evidence remains controversial, inconclusive and, even if true, of limited population impact (Davis et al., 1992; Knox, 1994) . Involvement of viruses in the causation of childhood leukaemia is suggested by the established role of these agents in leukaemia of animal species (Ellerman and Bang, 1908; Gross, 1978) and in at least one form of adult human leukaemia (Lenoir et al., 1985; Mueller, 1991 ). An infective aetiology of childhood leukaemia is also suggested by the epidemiological characteristics of this disease, which are compatible with leukaemia being a rare manifestation of a common infection under conditions that disturb or delay the development of herd immunity (Caldwell, 1983; Alexander et al., 1990; Kinlen et al., 1990; Greaves and Alexander, 1993) . Thus, childhood leukaemia has been reported to be more common among first-born children, who tend to be exposed to infectious agents at an older age than children of higher birth order (MacMahon, 1992) ; in situations of population mixing that tend to increase the level of contacts between infected and susceptible individuals (Kinlen et al., 1990  Kinlen and Petridou, 1995) ; and among children who do not attend day care centres and thus lose the opportunity of an early protective exposure (Van Steensal-Moll et al., 1986; Petridou et al., 1993) . More direct evidence for involvement of infectious agents in the aetiology of childhood leukaemia has come from reports indicating space -time clustering and spatial clustering (reviewed by Alexander, 1993) . Infectious agents in general tend to affect individuals that are close in both space and time, if latent periods are relatively short; this can occur even when there is no evidence of spatial clustering which can be created by both infectious agents and fixed environmental sources. The dominant subtype of childhood leukaemia, acute lymphoblastic leukaemia (ALL), is responsible for the marked incidence peak which is now evident in most developed countries. The shape of the curve and its association with national development and, more recently, with one particular immunophenotype (common ALL) has led to a biological hypothesis relating this subgroup with certain patterns of exposure to common infections (reviewed by Greaves and Alexander, 1993) .
We have undertaken a study evaluating space -time clustering of cases of childhood leukaemia in Greece over a 10 year period (Kassimos, 1992; Petridou et al., 1994a) . A total of 872 incident cases were identified and for all of these age, gender, type of leukaemia, date of diagnosis and parental residence at the time of diagnosis were available. It is possible that some cases of childhood leukaemia were missed, particularly if they were diagnosed abroad, but this number should be fairly small since during the study period 412 children died from childhood leukaemia (Petridou et al., 1992) and long-term survival from the disease during that period in Greece (Petridou et al., 1994b) was about 60%. In any case, underascertainment does not normally compromise the validity of the statistical test that evaluates space -time clustering (Knox, 1964a) .
Parental addresses of children with leukaemia at the time of their diagnosis were located and their coordinates (latitude and longitude) were identified through a Geographical Information System (GIS) developed for Greece (Geographical Information System, 1987) . Therefore, for each case of childhood leukaemia, there is a point in space and a point in time; the question is whether cases that occur closely in time tend also to occur closely in space (space-time clustering). The appropriate statistical method for detection of spacetime clustering has been devised by Knox (1963 Knox ( , 1964a and is based on the calculation of all the geographical and time distances between the n(n-1)/2 pairs from n cases and the subsequent time and space cross-classification of these pairs. If there is indeed a tendency of cases that occur closely in time also to occur closely in space, there will be more observed than expected pairs in the cell that includes pairs that are close both in time and in space.
An important consideration is the rationale for defining the limits of closeness in space and time. We have chosen respectively 5 km and 1 year since these are the round numbers closely representing the limits that were used by several investigators who reported space-time clustering in earlier publications (Meighan and Knox, 1965; Mainwaring, 1966; Smith et al., 1976; Morris, 1990) , as summarised by Alexander (1993) . Moreover, these limits are compatible with the presumed variability of the latency of childhood leukaemia among survivors of the atomic bombs (Finch, 1984) and the mobility of healthy children in the study population. These limits were set before examination of the data. However, other investigators in other sociocultural settings have reported clustering in smaller space -time intervals (Gunz and Spears, 1968; Gilman and Knox, 1995) .
The expected number (E) of space-time pairs is obtained under the assumption that space proximity and time proximity are independent. Statistical evaluation of the observed (0) number of cases in the space -time cell is based on the Poisson distribution with mean equal to E (David and Barton, 1966) ; simulation studies conducted by ourselves and others have confirmed that the distribution of O under the null hypothesis is closely approximated by this. The corresponding P-value is one-tailed. In small values of E, P-values are calculated from the exact Poisson distribution (referred to subsequently as exact), but for larger E values (> 50), the P-values are based on normal approximations. As a further aid to interpretation, a global test for space-time interaction with 15 time thresholds (1-15 months) and 15 space thresholds (0.5-7.5 km) has been applied (Bhopal et al., 1992) . Statistical testing has used Monte Carlo simulation with times of diagnosis allocated at random 499 times.
Evaluation of clustering was done for Greece as a whole as well as in urban, semi-urban and rural areas of the country as defined by the National Statistical Service of Greece (rural, less than 2000 inhabitants; semi-urban, 2000 to 9999; urban, 10 000 or more inhabitants). The primary analyses were for total leukaemia and acute lymphoblastic leukaemia in standard 5 year age groups for the whole country and for urban, semi-urban and rural areas. When these were completed, exploratory analyses were conducted for clustering within non-standard age groups (including ages 2-4 for ALL because of the prior hypothesis relating these cases to infections) and between standard 5 year age groups. For the latter, a simple modification of the Knox test was applied (Gilman and Knox, 1991) .
Results
Descriptive information concerning incidence of childhood leukaemia by type, gender, age and degree of urbanisation are shown in Table I . The descriptive pattern, including the early childhood peak, is similar to that in other population groups. The incidence rates in rural areas are lower than those in urban areas for each of the age groups 0 -4 years Table II . There is highly significant evidence for clustering of childhood (0-14 years) leukaemia in Greece as a whole, the observed number of pairs that are close in both space and time exceeding the expected number by 5.2% (P= 0.004). This excess is mostly accounted for by the pattern in urban areas and it is particularly evident for leukaemia cases at ages 0-4 years, among whom the observed number of pairs that are close in both space and time exceeded the expected number by 9.4% (P=0.004). For the whole country or by level of urbanisation, there is no indication of space-time clustering for leukaemia cases older than 5 years.
The above findings for total childhood leukaemia also apply to the dominant subtype ALL (Table II) . When analyses were restricted to ALL at 2 -4 years of age in urban areas, the evidence for clustering was extremely strong (observed (0) space-time pairs=372, excess over expected (E) number = 19%, P = 0.0006) (Table III) . Although the a priori space-time limits were set at 5 km and one year, we have examined whether patterns were also discernible with smaller intervals. When 6 months instead of one year was used as the time limit with the space limit still at 5 km, the relative excess in Greece as a whole of childhood leukaemia at any age and type was more pronounced (O=1543, E= 1434.20, P=0.002, excess=7.6%) as were the relative excess of childhood leukaemia of any type at age 0-4 years (0=455, E=408.12, P=0.01, excess=11.5%); the relative excess of ALL at any age (0= 1093, E= 1032.90, P=0.03, excess=5.8%); and the relative excess of ALL at age 0-4 years (0=334, E=314.24, P=0.14, excess=6.3%). The inconsistency in rural areas between overall and agespecific results for childhood leukaemia in general and ALL in particular, must be attributable to space -time interaction within the 5-14 year age group or between the 0 -4 year and older groups. Additional analyses were therefore performed, focusing on pairs of cases that belonged to different age groups. There was some evidence of clustering in rural areas within the 5-14 year age group, with all the space-time pairs being ALL, and between the 0-4 years and 5-9 years age groups, where for childhood leukaemia of any type 0=8, E=4.90, P=0.12 and for ALL 0= 7, E=4.45, P=0.16. Further analyses identified the age range 4 11 years as having stronger evidence of clustering in rural areas (P = 0.04; Table III ). There was no evidence of any of these phenomena in urban areas or of clustering involving the 2-4 years group in rural cases (Table III) . Although the results for rural areas are based on small numbers, they suggest that clustering in these areas involves cases over a broader and older age range than in the urban areas. This would be consistent with a delay in the establishment of immunity against a putative agent for childhood leukaemia among very young children.
Establishment of herd immunity is delayed in rural areas, allowing the occasional excess occurrence of the corresponding infectious diseases among older children in this population. It is of interest that when space -time limits were set at 2 km and 6 months, clustering of ALL cases within the 5-14 year age group was very pronounced and statistically highly significant (0=5, E=1.01, P=0.004); however, these limits had not been specified a priori.
Since space-time clustering overall was noted only among childhood leukaemia at 0 -4 years (N= 446), we have tried to determine whether the tendency for space -time clustering was stronger for particular case subgroups defined in terms of gender, age and leukaemia type. Among the 446 cases at 0-4 years, 180 were not involved in a clustering pair; 112 were involved in 1 -3 clustering pairs; 79 were involved in 4 -10 clustering pairs; and 75 in more than 10 clustering pairs. The present study has used the results of previous investigations which have suggested the space (=5 km) and time (= 1 year) limits as biologically meaningful and empirically efficient grid references for the detection of space -time clustering in childhood leukaemia (Meighan and Knox, 1965; Mainwaring, 1966; Smith et al., 1976; Morris, 1990) . Certain conditions prevailing in Greece, including population movements from rural and smaller urban communities producing substantial mixing in growing urban centres, in contrast to the isolation of mountainous villages, may also represent strengths of the present study by creating conditions for small epidemics (Kinlen and Petridou, 1995 (1) There was an overall space-time clustering that was statistically significant in the country as a whole and in the urban areas; the clustering was evident among cases aged 0-4 years in agreement with most of the earlier reports reviewed by Linet (1985) and Alexander (1993) . The concentration of clustering in the urban areas may simply be due to the much larger number of pairs in these areas (Table II) . Alternatively, it may reflect an unusual instability in the Greek urban population's exposure to the elusive relevant infection -subsequent to intense internal migration into towns and extensive population mixing (Kinlen and Petridou, 1995) . (2) Among children aged 0-4 years clustering was concentrated in ALL and particularly in the childhood peak age range (2-4 years) of ALL which has been the focus of infectious aetiology hypotheses. (3) In rural areas there was a suggesting of clustering of cases belonging to broader and older age groups implying that a later development of herd immunity allowed the effective infection of older children in spite of the lower overall infection density in the rural population. An intriguing finding was that cases of ALL were frequently involved in clusters with a limited number of pairs (1-1O) but were less frequently involved in clusters with many pairs (more than 10) and were also less frequent among cases forming no pairs at all. The latter result is compatible with the postulated infectious origin of ALL but the former could mean either that the whole pattern is due to chance or that clusters with many pairs reflect a methodological artefact or a distinct aetiological process of possibly fixed environmental origin of varying time intensity.
Accumulating recent evidence of space-time clustering of childhood leukaemia (Draper, 1991) , findings from studies probing the effects on leukaemia rates of population mixing (Kinlen et al., 1990 Kinlen and Petridou, 1995) , data from studies assessing the effect of early day care attendance (Van Steensal-Moll et al., 1986; Petridou et al., 1993) , and biological considerations (Caldwell, 1983 , Greaves, 1988 Alexander, 1993; Greaves and Alexander, 1993) strengthen the evidence that a common infection of high virulence but of low pathogenicity may be involved in the aetiology of childhood leukaemia. The evidence is not entirely consistent but no alternative causal interpretation better accommodates the overall evidence. The present study shifts the centre of gravity of this evidence one step closer to the hypothesis invoking an infectious agent in the multifactorial aetiology of childhood leukaemia.
